There is a nonlinear disturbance problem in the operation of large inertia load space-driving mechanism, which seriously affects the normal operation of the system. A 14 degree-of-freedom nonlinear time-varying dynamic model was established for a two-stage spur gear system. The dynamic equations were solved numerically based on the Runge-Kutta method. The correctness of the dynamic model was verified through experiments. In the author's previous research, the transmission error and dynamic response of gear system was analyzed. After the establishment of the dynamic model, a comparative analysis of the load response under different inertia was performed to illustrate the importance of studying large inertia loads. A large inertia load transmission error experimental device was set up to collect and process the transmission error data under different load inertia and different speeds. Comparing experimental results with numerical results, the correctness of the numerical model was verified, and the reasons for the differences between the two were explained. The analysis of the experimental results shows that for the transmission error of large inertia load gear transmission system, the influence of stiffness excitation on the transmission error amplitude is dominant. For the high-speed gear system, the pitch error plays a dominant role.
Introduction
The gearbox transmission system is widely used in the fields of machine tools, aerospace, ships and vehicles, which plays an important part of mechanical transmission. It is of great significance to conduct fault diagnosis on gears 1,2 and bearings. [3] [4] [5] [6] With the gradual development of fault diagnosis technology, many signal processing methods [7] [8] [9] and dynamic models 10, 11 for gears and bearings have been proposed and established by scholars. With the development of gear transmission reduction mechanism to high precision and large load, the vibration phenomena generated by the gear transmission system under various excitations cannot be ignored. The vibration of most mechanical systems comes from the gear system. The vibration and gear system wear and tear cause the actual trajectory of the gear to deviate from the theoretically calculated value, resulting in transmission errors (TEs), lowering the transmission accuracy, and even causing serious damage to the gear system and other mechanical structures.
There is less research on large inertia load. Currently, it mainly focuses on simulation analysis. There is relatively little information on theoretical research. Z Xu 12 proposed an equivalent simulation method for oversized inertial loads, simulated the huge moment of inertia required by the space station manipulator, and verified the effectiveness of the method through numerical simulation under different working conditions. T Yang et al. 13 considered the influence of large reduction ratios and studied the dynamic characteristics of space manipulators, but did not analyze the characteristics of large inertia loads. S Chen et al. 14 established the nonlinear dynamic model of bending and torsion coupling for low-speed heavy-load planetary gears with friction, and studied the influence of friction on the nonlinear dynamic characteristics of low-speed heavy-duty gear transmissions. Large inertia load system will produce vibration during acceleration and deceleration. During the speed change process, the system's steady state will be broken, which will lead to the reduction of transmission accuracy, noise, and the reduction of the service life of some components. The space-driven mechanism studied in this article needs to be started and stopped frequently during the work process, and there is a clear disturbance phenomenon when starting and stopping. Therefore, the influence of large inertia load on the system is analyzed. A Hammami 15 developed a planetary gear-twisted lumped parameter model with power recirculation to study nonlinear behavior under variable load conditions.
Studying the TE of the gear system, analyzing the impact of error excitation on the gear transmission system, and understanding the relationship between tooth profile deviation and pitch deviation and load transmission error (LTE) provide theoretical guidance for gear design, machining, and installation. Ferna´ndez et al. 16, 17 extended the tooth profile deviation and tooth pitch deviation in the dynamic model, and carried out profile modification. MA Hotait and A Kahraman 18 described a set of gear system dynamics testing device, proposed unmodified and modified spur gear dynamic factor, and dynamic transmission error (DTE) measurement method, and proved their relationship through experiments. C Xun et al. 19 established a nonlinear stochastic model to describe the dynamic behavior of the planetary gear train (PGT), taking into account time-varying meshing stiffness 20 and random tooth profile error. Bozca 21 proposed the optimization of the geometric design parameters of the gearbox based on the TE model to reduce the gear noise in the automotive transmission. T Lin and Z He 22 calculated the DTE of the gear system through the finite element method, and considered the assembly error and machining error in the model. W Guangjian et al. 23 considered the error excitation in the model and analyzed the influence of the backlash on the TE.
The experimental research on the gear transmission system can be repeated several times under the same experimental conditions to help researchers discover some new phenomena. The experimental results can be used to verify the correctness of the gear dynamic model and to optimize the insufficiency of the dynamics model. NK Raghuwanshi and P Anand 24 used the laser displacement sensor to measure the spur gear tooth deflection along the line of action. Then the gear mesh stiffness is calculated. The experiment is also performed on cracked tooth pair to measure the mesh stiffness. An encoder-based method is applied to measure vibration acceleration of the gear pair, and accelerometer-based measurement systems are employed to obtain the dynamic responses of the housing by L Chao et al. 25 L Yu et al. 26 presented the dual-eccentricity model for calculating the TE caused by eccentricity errors of gears. Then the experiments are carried out at different input speed and initial starts for acquiring TE of the designed backlash compensation device. X Cao et al. 27 verified the real contact patterns of gears using the gear-rolling test. The root mean square values of the first three orders of frequency of the dynamic transfer error under different working conditions were analyzed, and the jump of the gear, periodic motion, complex long-period motion, chaotic motion, and other complex nonlinear vibration forms transmission system were discovered. Subsequently, Kahraman and colleagues [28] [29] [30] used the same device to study the influence of the degree of overlap and profile modification on the dynamic characteristics of spur gears and helical gears. Pramono 31 analyzed the influence of four different tooth shapes on the dynamic characteristics of the gear in the nonresonant region. Velex 18 used experimental methods to analyze the relationship between the DTE and the dynamic factor of the modified gear and the unmodified gear.
In the previous research of the author, the nonlinear dynamics of 14 degrees of freedom were established by considering the factors such as time-varying stiffness, backlash, and pitch error for the nonlinear disturbance problem of the large inertia load space-driven mechanism. Based on the model, the TE and load response were analyzed, and an optimized design was proposed based on the analysis results. This article aims to verify the correctness of the dynamic model and TE simulation analysis. An experimental platform for experimental analysis was proposed. At the same time, the experimental analysis has drawn some conclusions, which enriched the research on large inertia loads, and provided an important reference for the actual design of the gear system.
Dynamic modeling and simulation analysis

Model establishment and solution
Regarding the dynamic modeling of the two-stage spur gear deceleration system of the inertial load space drive mechanism, it is assumed that the mass, the moment of inertia, the radius, and the average meshing stiffness of each gear are evenly distributed along the center gear, and the system damping is the elastic damping. The two-stage spur gear transmission system is simplified and modeled by dynamics, as shown in Figure 1 .
Considering the influence of the time-varying meshing stiffness of the two-stage gear system, the gear radial displacement, tooth profile and pitch error on the system, the dynamic equations of the two-stage spur gear transmission system is built based on Newton's second law and related dynamic knowledge. The dynamic equations are as follows
Detailed description of the dynamic equations can be found in the literature. 4 There are two main methods for solving the dynamic model. One is the analytical method. This method does not pursue the refinement of the model. The main purpose is to explain the various complex nonlinear dynamic phenomena of gear transmission. Another method is the numerical method, which is used to study systems with more degrees of freedom. Pursuing a refined mathematical model, the analysis results are closer to reality.
The meshing stiffness of the gear system is approximately parabolic by changing of meshing position. For determined by the parameter gear pair, the theoretical position of meshing in, meshing out, and the joint are fixed. Thus, the time-varying stiffness curve of gear pair 1 and gear pair 2 were obtained by the undetermined coefficient method, as illustrated in Figure 2 . Then the time-varying stiffness data can be substituted into the dynamics model.
Due to the existence of backlash, the two gears engaged with each other cannot always be engaged. Specifically, during the operation of starting procedure, the drive wheel must be rotated by the angle corresponding to the idle path, before engaging with the driven wheel and then the meshing stiffness appears. Therefore, it is necessary to modify the time-varying meshing stiffness in the dynamic equation. The modified time-varying meshing stiffness were 
In the formula, the following symbols represent:
: Actual meshing stiffness of gear pair 1 and gear pair 2, j u1 , j u2 : The backlash of gear pair 1 and gear pair 2. Errors can inevitably occur in the production process and installation process of the gear system. Error excitation is a significant factor in the generation of vibration and noise. In this gear system, the tooth profile error and pitch error were considered in the form of a simple harmonic function, as follows
In the formula, the symbols represent e pf , e pt : Profile error and pitch error, In summary, the gear TE can be expressed as e t = e pf + e pt ð19Þ
Here, the numerical solution is used to solve the numerical solution of the differential equation of the two-stage gearing dynamic model above. The solution method is mainly to use the ordinary differential equation (ODE) solver in Matlab software. The solver is based on the Runge-Kutta method. In order to solve the computational convenience, when solving the dynamic response of a two-stage gear transmission system, it is assumed that the radial stiffness and damping of the four bearings at the support bearings at both ends of the gear are equal. The angular velocity response curve of each gear was solved, as shown in Figure 3 .
Given the output angular velocity of the motor 68=s, the time interval of the first-stage gear meshing is T 1 = 208=68=s ' 3:33s. Similarly, the time interval of the second-stage gear tooth change can be obtained, T 2 = 16:67s. This means that the gear system will produce an engagement shock each time it passes through 3:33s and 16:67s. From Figure 3 , it can be clearly seen that the stiffness impact caused by the change of the meshing gear teeth during gear meshing. The previously analyzed meshing impact interval T 1 , T 2 is consistent with the meshing impact period in Figure 3 , validating the correctness of the dynamic model. 
Simulation analysis
The large inertia load is taken into account in the dynamic model to simulate and control the motor of the driven mechanism. The gear system quickly reach the required angular velocity in a short time, and maintain a constant speed for a certain period of time. When the brake is applied at 35s, the motor speed is quickly reduced to 0, and the load angular velocity response curve is shown in the red curve of Figure 3 . To study the influence of large inertia loads on the dynamic response of the drive mechanism, the load inertia was reduced to one-tenth of the original and the load angular velocity response curve was obtained, as shown in the blue curve of Figure 4 .
From Figure 4 , it can be seen that when the motor start and brake, the load angular velocity response of the drive mechanism under large inertia loads has a significant inertial hysteresis relative to small inertial loads, which is caused by the time-lag effect of large inertia loads. Large inertia loads cause the system to respond slowly, and the dynamic characteristics of each axis are inconsistent, which inevitably causes the TE of the system. When the motor start and brake, the load angular velocity response of the drive mechanism under large inertia loads fluctuates obviously relative to a small inertia load. At this time, the drive mechanism generates large vibration, which results in poor system stability and seriously affects the service life of the drive mechanism. In normal operation, compared with small inertia loads, the angular velocity response of the large inertia load drive mechanism is less frequent and the operation is more stable. This is because the large inertia load helps to absorb disturbances during operation and has strong antidisturbance capability. By contrast, it is found that there is a big difference between the dynamic response of the gear system under large inertia load and small inertia load. Therefore, when studying the two-stage straight gear system of space drive mechanism, large inertia load should be taken into account. It is of great significance to study large inertia loads. In the subsequent experimental studies, the TEs under different load inertias were analyzed. 
Dynamic model experimental verification
Experimental equipment and system
To verify the correctness of the dynamic model of the space-driven gear system, experiments were carried out on an inertial load simulator. The three-dimensional model and the factual picture of the experimental device are shown in Figure 5 .
The experimental device and data acquisition system are shown in Figure 6 . The input shaft of the space drive gear system is connected to the stepper motor, and the output shaft is connected to the inertia load simulator. Two eddy current sensors are installed at the radial position of the output shaft to measure the eccentricity of the output shaft. The two eddy current displacement sensor are installed in each of the horizontal and vertical directions of the output shaft section, and the displacement sensor is composed of a probe, a preamplifier, and a signal line. In the static condition, the distance between the front-end surface of each displacement sensor and the test surface is about 1 mm. Solving two derivatives with displacement sensor signal, the output shaft vibration acceleration signal can be obtained. The parameters of the twostage gear drive system are presented in Table 1 .
The hardware of the data acquisition system mainly includes computers, NI acquisition cards, and eddy current displacement sensors. The technical specifications and detailed parameters of each part are shown in Table 2 .
The eccentricity test principle of output shaft is shown in Figure 7 . Point C is the center point when the output shaft is stationary, and point E is the center point when the output shaft is offset. The two eddy current sensors are arranged vertically. Both sensors pass through the axis C in the initial state. x m and y m are the displacements of the output shaft in both directions measured by the test, x e and y e are the actual offsets of the shaft center in two directions, and R is the output shaft radius. From Figure 7 we can see AB = CD + AC À BD, that is
Similarly it can be obtained that
Simultaneous formulae (20) and (21), the output shaft eccentricity can be obtained
During the experiment, the stepping motor drives the gear system and the input rotation speed is 6 The data acquisition system collects the displacement and vibration data of the output shaft during gear operation.
Experimental results analysis and verification
When the load inertia is the default value, 25.8 Kg m 2 , according to the data measured by the eddy current displacement sensor, the time domain curve of the eccentricity of the output shaft is calculated, as shown in Figure 8 . The time domain curve of the data measured by the vibration acceleration sensor is shown in Figure 9 . The data are Fourier-transformed to obtain the frequency domain curve, and compared with the frequency domain and the curve obtained by solving with Matlab, as shown in Figures 8 and 9 .
From the frequency domain curves in Figures 8  and 9 , it can be seen that the experimental results are in good agreement with the results of the numerical solution. The frequency components are mainly concentrated on the frequency of the input shaft, intermediate shaft, and the meshing frequency of the twostage gear pair and its frequency multiplier. There are still some frequency components that cannot be analyzed in the experimental results.
According to the experimental results, the peak-topeak value of the output shaft eccentricity and vibration acceleration are calculated separately. A comparison between the experimental and the Matlab solution results was made, as shown in Tables 3 and 4 . According to the data in the table, the comparison result between the experimental result and the Matlab solution result is shown in Figure 10 . From Figure 10 , we can see that with the increase of load inertia, the peak-to-peak value of the output shaft eccentricity gradually increases, and the peak-to-peak value of the vibration acceleration gradually decreases. The experimental value and the Matlab simulation value trend is basically consistent, and there is a certain relative error between the two. The correctness of the dynamic model was verified through experiments, which verified the correctness of the dynamic response analysis and TE simulation analysis of previous studies.
The main reason for differences between simulation results and experimental results are as follows. Due to the actual processing and installation errors of the gears, the friction and wear of the tooth surfaces, the lubrication of the oil film between the teeth, and so on, the parameter excitations related to the meshing frequency, such as the meshing stiffness and the tooth shape error, are continuously changed. In the model, only two-stage spur gear transmission systems are modeled dynamically, and the influence of components such as bearings and gearboxes is neglected. Vibration of the above-mentioned components in the experimental process will inevitably affect the vibration of the gear transmission system. Numerical simulation of the input torque and speed are taken as a fixed value. The output torque and speed of stepper motor cannot always be constant, while the output torque and speed go through couplings and bearing housings and other components, which have a certain influence on the actual input of the two-stage spur gear transmission system. There is a certain deviation between the actual installation position and the theoretical installation position of the sensor. There is white noise in the actual experimental system.
TE analysis
TE experimental
The TE experimental device is installed on the inertial load simulator. The schematic diagram is shown in Figure 11 . The input and output rotation angles of the gear system are measured in real time by two encoders, and the overall TE of the gear system of the space drive mechanism is obtained through calculation. The input Stepping motor Figure 11 . TE experimental device.
part of the gear system is a closed-loop stepper motor with its own high-precision encoder. The input angle of the gear system can be measured by reading the pulse accumulated value of the encoder. To measure the output rotation angle, the high-precision extension shaft is extended outside the housing, and the extension shaft is coupled with the encoder through the flexible coupling. The experimental system includes two high-precision encoders, one NI data acquisition card, and one computer. The encoder pulse signal is directly input into the data acquisition card. The experimental device is the same as the data acquisition card and computer used in the experimental device in part 3.
TE under different load inertia
The input speed of gear system is 6 8 s driven by a stepper motor. Through the inertial load simulator, the load inertia of the gear system output shaft is respectively applied to 25. . Through the data acquisition system, the angular displacements of the input shaft and the output shaft during gear operation are collected, and then the TE of the gear system is calculated. The time domain and frequency domain diagrams of the TE under different load inertias are shown in Figure 12 . The red curve in the figure is the simulation result obtained through numerical solution. The blue curve is the experimental result.
In the gear transmission processing, as the load inertia decreases, the gear meshing frequency and its frequency multiplication amplitude gradually decrease, and the input shaft, while intermediate shaft and output shaft rotational frequency and its frequency multiplication amplitude gradually increase. The variation period of the time-varying stiffness and the tooth profile deviation are the same with the meshing period of the gears. The rotation frequency of the shaft is consistent with the period of change of pitch deviation. Therefore, with the reduction of the load inertia, the TE caused by the stiffness excitation and the tooth profile deviation is reduced, and the TE caused by the pitch deviation is aggravated. It can be seen that for the large inertial load space-driven deceleration mechanism, to reduce the TE of the system and improve the transmission accuracy, the tooth profile can be modified to effectively reduce the TE caused by stiffness excitation and profile deviation.
There are some differences between the simulation results and the experimental results. To perform a clearer analysis, the peak-to-peak value of TE of the simulation results and the experimental results are extracted and compared, as shown in Figure 13 . It can be seen from Figure 13 that as the load inertia increases, the peak-to-peak value of TE first becomes smaller and then becomes larger. The reason may be that within a certain range, the TE due to deformation increases with the increase of load inertia, which partially compensated for TEs caused by manufacturing and other factors. When the load inertia continues to increase, TEs caused by deformation plays a leading role.
It can be seen from Figure 13 that within a certain range of load inertia, the numerical solution results are consistent with the experimental results, which shows the correctness of the numerical model, and also prove that the author's previous simulation analysis and other work has a certain practical value. When the load inertia is small, the peak-to-peak value of the TE obtained by the numerical solution have little difference with the experimental result. But when the load inertia is large, the peak-to-peak value of the TE obtained by the numerical solution differ slightly bigger with the experimental result. The theoretically calculated data do not fully reflect the basic conditions of the actual TE, but it has a certain reference value. The reason may be that under large inertia, the coupling effect between the first-stage transmission and the second-stage transmission has a great influence. Therefore, the dynamic model needs to be optimized afterward.
TE under different input speeds
The inertia load simulator applies a load inertia of 25.8 Kg m 2 to the output shaft of the gear system, via a stepper motor driving the gear system, the input speed are set to 6 s. Through the data acquisition system, the angular displacements of the input shaft and the output shaft during gear operation are collected, and then the TE of the gear system is calculated. The time domain and frequency domain diagrams of the TE at different speeds are shown in Figure 14 . The red curve in the figure is the simulation result obtained by numerical solution. The blue curve is the experimental result.
It can be seen from Figure 14 that with the increase of the rotational speed, the TE caused by the pitch deviation is intensified, and the stiffness excitation has less effect on TE. It can be seen that for high-speed operation of the gear system, the main influence on transmission accuracy is pitch deviation. The TE caused by the pitch deviation can be reduced by increasing the machining accuracy and gear pairing. In addition, although the pulsation impact is generated at the node due to the abrupt change of the direction of friction when the gear meshes, the effect of this abrupt change is not seen in the actual results. This shows that the impact of the frictional force on dynamic responds to the gear system under normal conditions is relatively small.
The peak-to-peak values of TE at different input speeds are extracted. The comparison between the experimental results and the simulation results is shown in Figure 15 . With the increase of rotating speed, the LTE increases linearly. The experimental results are consistent with the simulation results and the increasing trend is consistent, which proves the correctness of the numerical model. There is a certain difference between the experimental results and the simulation results in Figure 15 , which have already been introduced in the foregoing and will not be repeated.
By analyzing the time-domain diagram of the TE of the motion process of the gear system, the factors that may cause the difference between the calculated value and the experimental value of the TE are as follows: In this theoretically calculated model, the time-varying stiffness is assumed to be a parabola, but the actual gear pair meshing stiffness is complex and varied. In the simulation, the coupling between the spur gear pair was not considered. Other factors such as motor input torque and load inertia fluctuations also have a great influence on the experimental value. 
Conclusion
This article takes the large inertial load space-driven mechanism as the research object, establishes the nonlinear time-varying dynamics model, solves the dynamic equations through the Runge-Kutta method in Matlab, and verifies the correctness of the dynamic model through experiments. The TE under different loads and speeds are collected and processed respectively. The results are compared with the Matlab results and the correctness of the numerical model is verified.
In a certain range of load inertia, the Matlab solution results are consistent with the experimental results. When the load inertia is large, the TE peak-to-peak value obtained by the Matlab solution is quite different from the experimental result. The theoretically calculated data cannot fully reflect the basic status of the actual TE, but it has a certain reference value, and the dynamic model needs to be performed subsequently.
For gear systems with large inertia loads, the effect of stiffness excitation on the amplitude of TEs dominates, and the controlling of stiffness (tooth profile modification) is the key to improve the accuracy and dynamic stability of gear transmission. For a high-speed gear system, pitch deviation dominates, and the TE can be reduced by increasing gear machining accuracy.
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